In most laboratory animals monooxygenases are apparently absent or barely detectable in fetal organs until just before birth. In this contribution hepatic cytochrome P-450-dependent reactions in the rat are considered only. The results are interpreted on basis of the reaction scheme of Estabrook. To avoid methodological pitfalls the basic kinetics for all reactions investigated have been investigated with liver preparations from newborn and adult rats. The low monooxygenase activity of rat liver during the perinatal period can be observed even under optimal conditions for the in vitro enzyme assay. There are different developmental patterns for various reactions 0-demethylation of codeine, phenazone-hydroxylation, first and second steps of N-demethylation of amidopyrine, N-demethylation of ethylmorphine. There are marked differences not only in V,. but also in the postnatal development of km. and the inducibility by phenobarbital. Thus the existence of a different cytochrome P-450 is evident also by this approach. The low monooxygenase activity of rat liver during the perinatal period is not due to a lack of NADPH or NADH, to an age-dependent NADPH cytochrome P-450 reductase activity or to an age-dependent NADHcytochrome P450 reduction. Moreover this low activity is not due to an insufficient mitochondria-endoplasmic reticulum interaction. It is accompanied by low AA msar after addition of a typical type I substrate 4hexobarbital) and by a small amount of metyrapone-binding centers: it can be explained by a smaller percentage of active cytochrome P-450 in comparison to adult rat liver.
Developmental Aspects of Xenobiotic Transformation
by W. Klinger* and D. Muller* In most laboratory animals monooxygenases are apparently absent or barely detectable in fetal organs until just before birth. In this contribution hepatic cytochrome P-450-dependent reactions in the rat are considered only. The results are interpreted on basis of the reaction scheme of Estabrook. To avoid methodological pitfalls the basic kinetics for all reactions investigated have been investigated with liver preparations from newborn and adult rats. The low monooxygenase activity of rat liver during the perinatal period can be observed even under optimal conditions for the in vitro enzyme assay. There are different developmental patterns for various reactions 0-demethylation of codeine, phenazone-hydroxylation, first and second steps of N-demethylation of amidopyrine, N-demethylation of ethylmorphine. There are marked differences not only in V,. but also in the postnatal development of km. and the inducibility by phenobarbital. Thus the existence of a different cytochrome P-450 is evident also by this approach. The low monooxygenase activity of rat liver during the perinatal period is not due to a lack of NADPH or NADH, to an age-dependent NADPH cytochrome P-450 reductase activity or to an age-dependent NADHcytochrome P450 reduction. Moreover this low activity is not due to an insufficient mitochondria-endoplasmic reticulum interaction. It is accompanied by low AA msar after addition of a typical type I substrate 4hexobarbital) and by a small amount of metyrapone-binding centers: it can be explained by a smaller percentage of active cytochrome P-450 in comparison to adult rat liver.
Since the first publications by Jondorg, Maickel, and Brodie (1) and Fouts and Adamson (2) , several hundred papers have been published con- cerning the time of appearance and the rates of development of various microsomal mixed function oxidases, now named monooxygenases, in various mammalian species and different organs and tissues. Moreover, quite a lot of investigations were undertaken to test whether liver microsomal enzymes of fetuses or newborns were induced by treatment of the pregnant female at various stages of gestation, in order to attain either an earlier appearance or a more rapid enhancement of enzyme activity in fetal life.
In summary, these many investigations have shown that in most laboratory animals the monooxygenases are apparently absent or barely de-*Institute of Pharmacology and Toxicology, FriederichSchiller-Universitat, Jena, GDR. tectable in fetal organs, especially in the fetal liver, until just before birth.
Furthermore in most studies treatment of pregnant animals with enzyme inducers prior to the last few days of gestation had no effect on fetal hepatic drug-metabolizing enzyme activities. In most mammals and tissues the different biotransformation reactions develop after birth, but the developmental patterns differ widely. It has been pointed out that the balance between toxification and detoxification systems in various organs shifts considerably in the perinatal period (p), but one type of biotransformation reaction may mean a toxification for one substrate, for another one a detoxification. Therefore we shall prefer the neutral term "biotransformation" only (4) (5) (6) . Moreover, we shall consider the liver parenchymal cells only. It is well known that there is age dependence of uptake into the cell, both by phase I reactions, which form polar metabolites capable of conjugation and of phase II reactions, i.e., formation of glucuronides and sulfates, and also of excretion out of the cell.
We shall consider here only phase I reactions and among these only those dependent on cytochrome P-450 (cyt. P-450). Phase II reactions and their perinatal development are discussed by Lucier (7) . A synopsis of the reactions involved is given in Figure 1 . For the explanation of the results reflected here the reaction scheme of Estabrook (8) may serve as our base (Fig. 2) . The reaction sequence proposed in Figure 2 may be briefly described as follows: (1) The substrate to be hydroxylated is indicated by S. The flavoproteins NADPH-cyt P-450-and NADII-cyt b,-reductase are indicated by f,T and fp,, respectively. X is a hypothetic mobile carrier, shuttling from a single flavoprotein dehydrogenase to various cyt P-450 molecules.
substrate (S) reacts with the low spin form of the ferric hemoprotein to form a high-spin ferric substrate complex; (2) the ferric substrate complex undergoes a one-electron reduction to a ferrous substrate complex; (3) the ferrous substrate complex can react with carbon monoxide to form the familiar ferrous-carbon monoxide complex typified by the characteristic absorbance band at 450 nm, or with oxygen to form a ternary complex of heme iron, oxygen, and substrate; (4) The ferrous substrate-oxygen complex then undergoes a second stage of reduction; (5) the cycle is completed by insertion of one atom of the bound molecular oxygen into the organic substrate concomitant with the formation of water and splitting off the hydroxylated substrate. The overall reaction, explained by this scheme, reveals rather different developmental patterns for different substrates. I want to summarize only the results of our small group.
Results and Discussion
We investigated various model reactions for the cytochrome P-450-dependent microsomal monooxygenase: N-demethylation of amidopyrin; first and second demethylation step; O-demethylation of codeine hydroxylation of phenazone; reduction of p-nitrobenzoic acid (in microsomes and cytosol).
A review of the postnatal development of Vmax is given in Figure 3 (9) . On investigating the N-demethylation of amidopyrine in more detail, we found different developmental patterns for of the first and second step of N-demethylation, and (11) .
We therefore switched to a less complicated model, the N-demethylation of ethylmorphine. We investigated this reaction with liver slices, homogenate, 9000 and 15000g supernatant, and with microsomes. To avoid methodological pitfalls, we investigated the basic kinetics with liver preparations of newborn and adult rats. The results with homogenate are as follows. The reaction followed a linear course up to 20 min and depended strongly on protein concentration of the homogenate with final dilution ranges of 1:36-1:600. adults rats. We then omitted the usual ingredients nicotinamide and MgCl2. The optimal buffer molarity was 0.5M with newborn liver homogenate and 1.OM with adult liver homogenate.
Trapping of the released FA with semicarbazide is not necessary with newborn liver homogenate, but it is required for adult liver homogenate, which has much higher activity. With both age groups the optimum pH was 7.4. Moreover there were differences between adult and newborn rat liver when the homogenates are stored. The results are shown in Figure 10 . Surprisingly, homogenate of newborn rat liver increases its activity when it is stored at -20°C and thawed immediately before use. Homogenate derived from adult rat liver is rather stable for at least 9 days; no activation was found. With liver homogenate, the course of Vmax is demonstrated in Figure 11 .
After the initial postnatal increase, the activity declines between the first and second week of age, and thereafter increases again to reach a maximum at 60 days. We thus confirmed and extended the findings of various groups (12) (13) (14) (15) (16) (17) , especially the decrease of activity in the second week of age. This decrease is true for succinate dehydrogenase and mitochondrial GOT, also (Barth and Klinger, unpublished data, 18). So we checked whether this pattern reflects an agedependent mitochondria-endoplasmic reticulum interaction (19 in young animals the portion of cytochrome P-450 which interacts with hexobarbital is smaller than in adults, in spite of about the same cytochrome P-450 content. It is well known that not all S EM<(MM> cytochrome P-450 must be active; even in microsomes of adult rats the type I substrate cyclohexmethylation of ane converts only 12% of cytochrome P-450 to the rats (mean of substrate-complex (24) . We therefore attempted homogenate of to find another method to check this hypothesis.
:ymemodel; (2) Titration of Active Cytochrome P-450 by
Metyrapone. According to Werringloer and Estabrook (25) , not all cytochrome P-450 can bind metyrapone; this metyrapone-reactive cytochrome P-450 is enhanced by phenobarbital pretreatment. Roots and Hildebrandt (26, 27) demonstrated that the increase in metyraponec binding sites by phenobarbital pretreatment corresponds to the increase in drug metabolism. Figure 20 shows the dependence of IC5o on protein concentration. Microsomes from 18-and 60-day-old rats were used. Since the cytochrome P-450 content per milligram protein is similar in both age groups, the protein concentration is a measure of the cytochrome P-450 concentration. Figure 20 indicates that microsomes from adult rats bind more metyrapone than those from young rats. That means that the portion of metyrapone-reactive cytochrome P-450 is greater in adult than young animals. Figure 21 shows the dependence of ICso on Vmax for N-demethylation of ethyl-morphine. The straight lines for both age groups are nearly parallel, i.e., the correlation between Vmax and Et is the same in young and adult rats.
These findings support our assumption that the age dependence of N-demethylation of ethylmorphine is due to different portions of active cytochrome P-450 in spite of nearly the same total cytochrome P-450 concentrations. The metyrapone binding seems to be a measure of this active cytochrome.
First Reduction
Step. As demonstrated in Figure 22 , with adult liver homogenate no saturation could be achieved with NADPH, while with newborn liver homogenate the concentration of 1 mmole/l. is optimal. NADH alone without NADPH or NADPH regenerating system results in very low activities.
Previous investigations on the age dependence of NADPH-cytochrome P-450-reductase were carried out without adding type I substrates. No significant age differences were found with rabbit liver microsomes (29) , whereas the rate increases during aging in liver microsomes of rats and pigs. We investigated the activity of NADPH-cytochrome P-450-reductase in rat liver microsomes with and without addition of type I substances in dependence on age after pretreatment with phenobarbital (30) . Since the reduction was of first order only in the first 6-8 sec, this interval was used for determination of the half-life. Second Reduction
Step. El With optimal NADP concentrations. additional NADH provides a remarkable further increase with adult liver homogenate as well as with newborn liver (Fig.  23) . In both age groups the activity is nearly doubled.
According to Correia and Mannering (31) , ethylmorphine N-demethylation can be increased by NADH and further by cyanide, blocking the shunting of electrons from cytochrome b5 to the microsomal fatty acyl-CoA desaturation system. It seemed possible that in young animals with high synthesizing activity this shunt could compete to a greater degree with cytochrome P-450 than in adult animals. We found an activation by NADH with 9.000 g of liver supernatant of adult rats, which is weaker with 15-day-old rats and is not clearly detectable in newborn rats. This NADH effect cannot be demonstrated, however, when the activity of the fortified 9.000 g liver supernatant with NADP and glucose-6-phosphate is increased by NADPH under optimal concentrations. With an optimal NADPH concentration, further addition of NADH is ineffective. Moreover, we could not confirm the cyanide effects, either in adult or in newborns. From these experiments we conclude that an insufficient supply by NADPH and/or NADH or a high loss of electrons by the shunt from cytochrome b, to the microsomal fatty acyl-CoA desaturation system is not the reason for the low cytochrome P-450-dependent hydroxylation in newborn animals (32). The N-demethylation of ethylmorphine by liver microsomes from control and phenobarbitaltreated rats of different ages was also investigated, with addition of NADPH in combination with NADH. With NADPH alone (0.6 mmole/l.) we find the typical age curve of Vmax in control rats as well as after phenobarbital pretreatment (Fig. 24) . The higher the activity of N-demethylation of ethylmorphine with NADPH alone, the more it is absolutely enhanced by NADH. The relative increase in ethylmorphine metabolism caused by NADH is equal in all age groups, however, in controls as well as after induction (Fig.  25) .
The enhancing effect of NADH is higher at lower NADPH concentrations. In the presence of NADH, the NADPH concentrations necessary to obtain a maximum metabolic rate are lower than without NADH.
From the similarity of the relative effect it is concluded that there are no differences in the introduction of the second electron in all groups of animals. NADH accelerates the reduction/oxidation cycle of cytochrome P-450 to the same extent in all groups, so that more frequent cycles per unit time are possible. The differences in the absolute NADH effect is explained by different amounts of cytochrome-substrate complex and, consequently, of oxygenated cytochrome-substrate complex.
Conclusions
Low mfO activity (monooxygenase activity) of rat liver during the perinatal period can be observed even under optimal conditions for the in vitro enzyme assay. There are no methodical pitfalls.
The low mfO activity of rat liver during the perinatal period is not due to a lack of NADPH or NADH. It can be demonstrated even under optimal NADPH and NADH supply.
The low mfO activity of rat liver during the perinatal period is not due to an age-dependent NADPH-cyt P-450 reductase activity, or to an age dependent NADH-cyt P-450 reduction.
The low mfO activity of rat liver during the perinatal period is accompained by low A A,max after addition of a typical type I substrate (hexobarbital) and by a small amount of metyraponebinding centers. So it can be explained by a smaller percentage or active cyt P-450 in comparison to adult rat liver. 
